Electroreflection and Raman spectra (in situ and ex situ) of zinc phthalocyanine (ZnPc) films (80 nm thick) have been studied. Raman spectra were resonantly and preresonantly enhanced. Both electroreflection and Raman experiments reveal the homogeneous inclusion of electrolyte anions upon oxidation of the film. The anions coordinate preferentially axial positions of the ZnPc molecule. This process is accompanied by an out-of-plane deformation of the phthalocyanine macrocycle, which results in the change of both electroreflection and Raman spectra. The ZnPc molecule remains deformed when the film is saturated with anions. The detailed analysis of new bands and altered intensities in the Raman spectrum indicates that the molecular symmetry point group changes from the Bah point group to C2,. The influence of ZnPc oxidation on the Raman excitation mechanism has been also studied. Effects of axial ligands on the molecular geometry have been studied by quantum chemical calculations for the ZnPc ÷, ZnPc+C1 -and ZnPc+(CI-)2 species using the unrestricted Hartree-Fock variant of the MNDO method. Calculation results show that the ZnPc molecule undergoes an out-of-plane deformation when one axial position is coordinated by the anion.
Introduction
Among various methods of chemical energy conversion to electricity, low-temperature fuels cells have received substantial interest (e.g. [1] ). The main obstacle limiting their efficiency is the large overpotential which accompanies the cathodic reduction of molecular oxygen. Transition metal phthalocyanines (Pc) and naphthalocyanines (NPc) catalyse oxygen reduction with promising efficiency. However, both the activity and the stability of these catalysts are influenced by several factors.
Studies of iron phthalocyanine (FePc) and iron naphthalocyanine (FeNPc) monolayers adsorbed on various metal and carbon electrodes show that the type of the support partially determines the catalytic efficiency [2, 3] : electron-donating groups present on the support surface enhance the catalytic activity [4] . It has been suggested, that these groups coordinate the phthalo-cyanine metal ion and via the change in the ligand field they influence the ability to bind molecular oxygen [5, 6] .
The axial coordination of the metal ion influences also the properties of FePc multilayer films (several hundred /tngstroms thick). It has been observed that FePc films improve their catalytic activity during polarization at sufficiently cathodic potentials in the presence of oxygen. It has been proposed that oxygen enters the film and it is coordinated in the form of /x-oxo or/z-peroxo bridges [7] .
From the above examples it follows that the coordination of Pc axial sites determines in part molecular properties. The understanding of this phenomenon is essential for optimizing the catalytic activity. This is also necessary to prevent the catalyst deactivation, observed for Pcs and NPCs (e.g. [8] ). Catalyst stability is affected by both the support and the interaction with electrolyte anions: Coowar et al. [8] have shown that FeNPc impregnations on carbon black (from CH 4) are more stable in perchloric acid solution than in the sulphuric acid solution, while for the impregnations on Norit BRX carbon the reverse relation holds. The mechanism of the catalysts' deactivation has not yet been established. Some authors connect it with an oxidative attack on the Pc ligand [9] [10] [11] , while others suggest rather the demetallation of phthalocyanine [12, 13] . In this study we concentrated on the interaction of electrolyte anions with electrodes of chemical vapour deposited (CVD) zinc phthalocyanine (ZnPc) films.
ZnPc does not catalyse oxygen reduction, but its behaviour, upon anodic polarization, is the same as that observed for active iron and cobalt Pcs [14] . ZnPc has been chosen as a model compound because of its simple electrochemical properties: only the phthalocyanine ligand can be oxidized. Moreover, comparison with our previous spectroscopic studies of ZnPc [15, 16] has been very useful in the interpretation of the present results.
If ZnPc films are conditioned by polarization at positive potentials, species from the electrolyte may enter the layer. Green and Faulkner [14] have shown that upon oxidation of ZnPc films in acid aqueous media, anions such as perchlorate and fluoride enter the film in order to maintain electroneutrality. A similar study of MgPc films has been published by Kahl et al. [17] . Both groups of authors have shown that the distribution of anions in these films is homogeneous. The intention of the present work was to check whether electrolyte anions are axially coordinated to the Pc metal centre and what the influence of axial coordination on Pc properties.
To follow the optical and chemical changes that are initiated by anodic oxidation of the ZnPc film, we used electroreflection (ER) and Raman spectroscopy. These methods yield complementary information about the intercalation of the electrolyte anions in the ZnPc film. In ER spectroscopy a sinusoidal voltage is superimposed on the dc electrode potential and changes in the reflected light intensity are detected. From this it follows that only that (small) part of the film that is oxidized and re-reduced contributes to the ER spectrum. A spectral change will occur when the optical properties of one or both of the redox components change. The method is sufficiently sensitive to detect electrochemical reactions with monolayers [7] , hence the minute optical changes that are caused by the entry of ions into phthalocyanine multilayer films are large enough to permit the study of this effect with ER. In contrast to ER spectroscopy, the Raman method measures the scattered light of all the molecules that lie in the exciting laser beam. In the case of our thin ZnPc films, the whole film cross-section contributes and the resulting Raman spectrum can be a mixture of the spectra of reacted and unreacted parts of the film. We will show that it is plausible that changes in the Raman spectrum due to the interaction with ions can bc attributed to changes in the molecular symmetry. We will discuss in detail effects of geometry changes on both Raman and ER spectra. The interpretation of changes in the Raman spectrum relies on the normal mode analysis we have performed previously [16] . The spectral data are compared with the results of quantum chemical calculations on the geometry of the ZnPc + ion (with and without axial ligands).
Experimental
The electrodes investigated were gold and glassy carbon discs covered with 80 mm thick ZnPc films. These films were deposited by the CVD method. The deposition rate was 0.05 nm s-1. During deposition the film thickness was monitored by a quartz oscillator. These electrodes were used for both the Raman and the ER measurements. Prior to deposition the gold and glassy carbon discs were polished until mirror-like and rigorously cleaned by boiling in concentrated sulphuric acid followed by repeated boiling in Super-Q water. The counter electrode was a gold wire and the reference electrode an Hg/HgSO 4 electrode (MSE) (Radiometer K601). All potentials quoted are relative to this electrode (offset +620 mV vs. SHE). HC104, H2SO 4 and benzenesulphonic acid solutions (pH = 1) were used as electrolytes. In some measurements H 2 SO 4 and benzenesulphonic acid were mixed with HC10 4 (pH = 1). The modulation frequency was 30 Hz and the amplitude 30-50 mV. The ER apparatus has been described elsewhere [18] . In some measurements, a polarization filter was used. All ER spectra presented were measured at an incident angle of 25 ° .
Raman spectra were recorded either with a scanning double monochromator (Jobin-Yvon HGS) or a multichannel confocal Raman microspectrometer (CRM) [19, 20] . The Raman spectra were obtained with 514.5 nm radiation from an argon ion laser or with 660 nm radiation from a dye laser (Spectra Physics Model 375B) operating with the 4-dicyanomethylene-2-methyl-6-[p-(dimethylamino)styryl]-4H-pyran (DCM) dye. The spectral resolution was 3 cm-I for the scanning spectrometer and 6 cm-1 for the CRM. The times of recording the single spectrum were 20 min and 10 s, respectively. The electrochemical cell used in Raman measurements has been described previously [15] .
Results

Electroreflection results
The ER results obtained with ZnPc films deposited on gold and on glassy carbon supports are very much alike and so only the ER and Raman results for ZnPc films on glassy carbon are presented. Figs. 1-8 show the ER spectra of the same ZnPc film deposited on a glassy carbon substrate but measured sequentially one after another. In these measurements 0.1 M HC10 4 solution was used as the electrolyte. Although it is customary to present only the in-phase part of the ER signal, we present here outof-phase part as well (see Discussion). Fig. 1 shows the ER spectrum of a freshly prepared ZnPc film measured at a dc potential of + 100 mV (vs. MSE). This potential is 30 mV more positive than the open circuit potential (OCP). The spectrum does not change with time at this bias. The spectrum in Fig. 2 was measured after the former but at a larger bias (+200 mV), the only difference being the spectral amplitude. The recording of an ER spectrum over a 500 nm wavelength range takes about 1 h.
The spectra in Figs. 3, 4 and 5 were each measured at adc potential of +300 mV. These spectra differ in shape. Fig. 6 was recorded at + 100 mV after being kept at +300 mV overnight. The spectrum in Fig. 7 was measured at + 100 mV after keeping the film for 14 h at -100 mV. The spectrum in Fig. 8 was also measured at + 100 mV, but the electrode was taken out of the cell and dried under vacuum for 24 h prior to the measurement.
In Figs. 4 and 5 two boxes have been drawn. Their function is to draw the attention to the fact that at this wavelength the two spectral components (see Discussion) do not become zero simultaneously. This observation was further investigated by recording a series of short-wavelength scans (650-750 nm) at a potential of + 300 mV on a fresh ZnPc electrode. This short range was chosen because the time span it takes to measure a spectrum (ca. 10 rain) permitted the observation of the evolution of that part of the spectrum in small steps. Apart from the moment of measurement, the spectra differed in the fact that they were recorded with unpolarized, s-polarized or p-polarized light ( Fig. 9(a)-(h) ). The real and imaginary components of the spectrum become zero simultaneously only in the s-polarized spectra. wavelength / nm ER spectra measured up to + 300 mV in sulphuric and benzenesulphonic solutions are identical with those in Figs. 1 and 2. Above this potential the ZnPc film breaks down. Addition of a small amount of perchlorate anions to the sulphuric acid solution causes changes in the spectrum (at + 300 mV) similar to those observed in the pure HC10 4 electrolyte. Addition of perchlorate to the benzenesulphonic acid solution does not have any effect.
Raman results
The Raman spectra presented in this section were obtained with lasers operating either at 514.5 nm (green) or at 660 nm (red). The spectra were recorded under experimental conditions that are comparable to the conditions under which the ER spectra were measured, i.e. the ZnPc film was polarized at the OCP and at more positive potentials where the oxidation of the show spectra recorded with 660 nm laser radiation: (a) is the spectrum of the original ZnPc layer on glassy carbon at the OCP of + 70 mV, and must be compared with the ER spectrum in Fig. 1 ; (b) is the spectrum resulting after polarization of the film at 250 mV and corresponds to the ER picture in Fig. 2 ; (c) and (d) spectra occur during polarization at 350 mV and should be compared with the ER spectra in Figs. 5-7; spectrum (e) does not change with prolonged polarization periods and has to be compared with the ER spectrum in Fig. 6 ; spectrum (f) results after keeping the electrode at a negative potential (-50 mV) of the original OCP. Spectrum (f) is similar to the original one (a), but it is not exactly the same; it should be compared with the ER spectrum in Fig. 7 . The spectra in Fig. ll(a) and (b) were recorded ex situ with 514.5 nm laser radiation. The former spectrum is that of neutral ZnPc and the latter is that of the oxidized form and should be compared with the ER spectrum in Fig. 6 .
Calculations on the oxidized ZnPc molecular structure
During the anodic polarization of the ZnPc film the phthalocyanine molecules are oxidized to ZnPc ÷ ions 0.12 0.06 through both the oxidation and the attachment of the chloride anions to the zinc centre. Bonding of the single chloride anion to the zinc centre causes the out-of-plane deformation of the whole phthalocyanine macrocycle (Fig. 12(b) and Table 1 ). When two chloride anions are placed on the opposite sides of the ZnPc + ion, the calculated structure become flat again ( Fig. 12(c) ).
Discussion
Electroreflection and calculation results
In ER measurements a sinusoidally modulated voltage is superimposed on a dc electrode potential. The dc potential is to ensure that both redox components of the ZnPc film are present. The ac voltage changes the ratio between those forms. If these have different optical spectra, the light reflected from the electrode surface will change with the same frequency as the applied ac voltage. This change is analysed with a lock-in amplifier for all wavelengths and the result, the ER spectrum, is usually displayed as either the real and/or the imaginary component of the lock-in amplifier output versus the wavelength. When the optical properties of both redox forms happen to be equal at some wavelength, the ac voltage does not change the reflectivity and consequently the ER signal must be zero at this wavelength. From the ratio of the real and imaginary parts of the spectrum the phase angle can be calculated. A phase angle that is constant in time means that no chemical or physical reactions follow the electrochemical step.
Such a situation occurs in the ER spectrum in Fig.  1 , so at this dc potential the only reaction taking place is the redox reaction ZnPc--, ZnPc + and vice versa. This is still the case at a bias of + 200 mV. At higher potentials the ER spectra begin to change in form and in phase angle (Figs. 3-5) . The explanation for this change is that when the potential is made more positive, an increasing part of the film becomes oxidized and so positively charged. This accumulation of charge in the film cannot go on and is either compensated for by the uptake of ions from the electrolyte or by destruction of the film. Green attd Faulkner [14] studied this effect with a number of Pc films, among them films of ZnPc. They found that the oxidation followed by incorporation of anions is essentially reversible, i.e. on reduction the anions are expelled. In the model of these authors, the anions enter and depart along the grain boundaries of the grains that form the film. The anions are homogeneously distributed. This followed from Auger depth profiles that were flat from the surface of the film to its boundary with the support [14] . In the electrochemical experiments of Green and Faulkner [14] the potential was stepped between 0 and 1 V vs. SCE (ca. -400 to 600 mV vs. MSE). In the experiments presented here the highest potential was + 300 mV. This potential difference explains why total oxidation of the film took hours in the experiments presented here compared with seconds in the experiments of Green and Faulkner [14] .
On the basis of results of Green and Faulkner [14] and Kahl et al. [17] , it is reasonable to assume here that changes in the ER spectra in Figs. 3-5 are the result of the uptake of perchlorate anions by the film. After a certain period at +300 mV the film is completely oxidized and saturated with anions. When this situation is obtained, the ER spectrum stops changing. This is indeed the case and the ER spectrum in Fig. 6 is typical for the steady-state situation at a potential of +300 mV. When the "'saturated" film is kept at a sufficiently negative potential, the film is rereduced and the anions are expelled. The resulting ER spectrum (Fig. 71 , measured at + 100 mV, differs, however, from Fig. 1 . To exclude the possibility that this difference is due to the presence of water in the layer, the electrode was removed from the cell and dried in vacuum. After remounting the electrode, the ER spectrum in Fig. 8 was obtained. It still differs from that in Fig. 1 . The conclusion must be that uptake and expul-sion of the perchlorate anions change the structure of the film. So far, these results confirm those of Green and Faulkner [14] .
Repetition of the experiments in 0.05 M sulphuric acid showed that up to +300 mV the ER spectrum remains as in 1 and 2. Above this potential the film breaks down. Addition of a small amount of perchlorate anions to the (sulphuric acid) electrolyte immediately causes the ER spectrum to change in the way described above for the case of the perchloric acid electrolyte. It seems as if perchlorate anions can enter the film whereas the sulphate anions cannot. It is hard to imagine that ion transport along grain boundaries proceeds easily in the case of perchlorate anions but is impossible in the case of the sulphate anion. The explanation is that although the sulphate anions enter the film along grain boundaries, they cannot, in contrast to the perchlorate anions, enter the grains. The reason for this difference is the size of the sulphate anion due to its hydration shell. The competition experiment was repeated with a benzenesulphonic acid solution as the electrolyte. Addition of perchlorate anions did not alter the spectral shape. Here the large benzenesulphonic acid molecules also impede access of perchlorate anions to the grains.
In the spectra in Figs. 4 and 5 the boxes emphasize unexpected ER behaviour, that is, the ER signal changes rapidly from pure real to imaginary or vice versa. Although this effect is normal for the spectral range where the (halogen) lamp's light intensity is low (UV side) or the photomultiplier sensitivity diminishes (IR side), it is not likely that limitations in the apparatus are responsible for this ER behaviour in the 650-750 nm range. Moreover, the effect is observed only during the period that the perchlorate anions migrate through the film. The series of spectra in Fig. 9 show that the effect reveals itself only in the p-polarized component of the incident light. The fact that the intensities of the spectra with p-and s-polarized light are about equal excludes an explanation in terms of apparatus instability. The other explanation is that two processes occur, each with its own phase angle. In the following discussion it is assumed that the majority of the ZnPc molecules in the film have their molecular plane parallel to the electrode surface (the order and the orientation of molecules in the phthalocyanine film depend on the deposition rate [22] ; in the films we used (deposition rate 0.05 nm s -1) the molecules are well ordered and the orientation parallel to the supporting surface is the most probable one). From this assumption it follows that the electric vector of spolarized light is always parallel to the ZnPc molecular plane while the electric vector of p-polarized light has both parallel and perpendicular components. Consequently a reorientation of ZnPc molecules in the film can change the shape and intensities of s-and ppolarized spectra, but it cannot be the reason for the lack of simultaneous zero crossings of the real and imaginary components of the ER spectrum. For the explanation of the latter effect one must realize that at measured wavelength region (around 700 nm) the optical properties of ZnPc and of its reduced form are determined by electronic transitions from HOMO to LUMO. The ZnPc molecule has D4h symmetry, and these MOs belong respectively to the at, and eg representation. Transitions between these MOs are x,y allowed and forbidden in the z direction.
As a consequence, s-polarized light (parallel to the molecular plane) can cause only electronic transitions in the x and y directions while p-polarized light can, in principle, cause transitions in the z direction too. The latter transitions are forbidden in ZnPc for symmetry reasons. If, however, a situation arises in which the Zn ion is forced out of the molecular plane, this interdiction is no longer valid. This situation will arise when anions enter the ZnPc film and locate themselves in axial positions. The calculations (see Results) show that out-of-plane distortions of the ZnPc ÷ ion can easily exceed 0.05 nm when oxidation of ZnPc is combined with the presence of an anion on the one axial position.
This distortion is a process that follows the electrochemical step and as a consequence electronic transitions in the z direction have a different phase difference with the modulating voltage than the transitions in the x and y directions.
After complete oxidation of the film, the transient behaviour is no longer observed. Two possible conclusions can be drawn from this observation: (1) the transition in the z direction becomes forbidden again or (2) the process that gives rise to the transition in the z direction no longer has a phase angle that differs from that of the transitions in the x and y directions. The former case can arise when both axial positions of the ZnPc molecule are occupied by C10 4 anions and that every CIO~-ion is bound to two ZnPc molecules (see Fig. 13(a) ). On the basis of calculation results it can be assumed that in this situation the molecule becomes planar again. The fact that the measured C104/ZnPc ratio is unity at this stage of oxidation [14] agrees with this explanation. The second possibility arises when oxidized and reduced forms of the molecules in the film are both non-planar. Then the distortion no longer follows the electrochemical step and no extra phase angle appears. For this latter explanation too there is experimental evidence. Myers et al. [23] have measured that ZnPcCI is diamagnetic. Since this molecule contains an odd number of electrons, this diamagnetism must arise through spin pairing. These authors suggest the formation of dimers in which two five-coordinate ZnPcC1 units are stacked with their phthalocyanine bases parallel and with electron coupling through the ~-clouds (see Fig. 13(b) ). It seems reasonable that similar structures are formed after intercalation of CIO4 anions. Such units in which the central Zn ion is five-coordinated are not planar according to calculation results.
Finally, on the basis of the ER data it can be concluded that upon oxidation (some of) the ZnPc molecules become distorted, at least temporarily. However, ER spectroscopy cannot discern between the two possible final forms of the layer.
Raman spectra
In an attempt to make a choice between two possible structures of the ZnPc film, Raman spectra were measured inside and outside the electrochemical cell.
The Raman spectrum in Fig. 10 (b) (potential + 250 mV) does not differ from that of the original neutral film ( Fig. 10(a) ). This observation is in agreement with the steady state observed for the ER spectra at this potential. The spectra in Fig. 10(c) and (d) were measured at a polarizing potential of + 350 mV. These spectra change with time and hence should be compared with the transient period of the ER experiments. After 2 h no further changes occur (Fig. 10(e) ) and there are no differences between the Raman spectra recorded in situ and ex situ. The latter observation means that the observed changes are due to changes in the film alone and are not a simple effect of the applied potential (electric field effect). Re-reduction of the film (Fig. 10(b) ) yields exactly the spectrum of the original neutral form, so the intercalation process is reversible. This observation is in agreement with the ER results and those of Faulkner and co-workers [14, 17] . Slight differences in the region of 1400 cm -1 are possibly caused by the altered layer structure.
Care must be taken in the comparison of ER and Raman spectroscopic results. Because the Raman spectrum reflects the averaged spectral properties of the oxidized and reduced forms of the film it is not in contradiction to the ER results that the Raman spectrum keeps changing during the entire oxidation period.
The spectrum in Fig. 10(e) corresponds to the ZnPc film saturated with anions. Differences between this spectrum and that of the neutral ZnPc film (Fig. 10(a) ) are very pronounced: new bands and altered relative intensities are observed. Since Raman selection rules depend on the molecular symmetry, this type of change indicates an altered molecular geometry. In the case of ZnPc also the change of the Raman excitation mechanism must be considered: oxidation of the ZnPc molecule shifts significantly (ca. 150 nm) the Q absorption band towards shorter wavelengths [14, 24] . Such a shift must alter the Raman spectrum. To be sure that this shift is not the only factor causing changes in the Raman spectrum, we applied two excitation lines: the spectra in Fig. 10 were recorded using 660 nm radiation (red) and those in Fig. 11 using 514.5 nm radiation (green). The wavelength of the red radiation coincides with the maximum of the Q band of neutral ZnPc but lies on the long wavelength shoulder of the oxidized form. Therefore, the Raman spectrum of neutral ZnPc excited with red radiation is resonance enhanced (Fig.  10(a) and (f)) whereas the spectrum of oxidized form is preresonance enhanced (Fig. 10(b)-(d) ). The preresonance enhanced spectra are about 10 times less intense than the resonance enhanced spectra. The green radiation coincides with the short-wavelength side of the Q band of the oxidized form but coincides only with the short-wavelength tail of the Q band of the neutral form. The spectra of both forms can be considered as preresonance enhanced spectra. The spectra of the neutral form excited by green radiation are less intense by a factor 15, thus reflecting its larger deviation from the resonant situation.
The same kind of change is observed in both spectra excited with red and green radiation. This makes it more likely that the observed spectral changes do not result only from the change in the excitation mechanism. This conclusion agrees with resonance Raman studies of ZnPc monolayers. In the case of monolayer spectra the oxidation of the layer caused only a change of Raman intensity [15] and the band positions were not shifted significantly. In particular, the strong band at 1600 cm -1 (Figs. ll(b) and 10(e)) was not observed. Consequently, we may conclude that the changes we observe in the Raman spectra of ZnPc films are not exclusively the consequence of the oxidation of the ZnPc molecule. We are obliged to consider the change of the molecular geometry as well. We can conclude further that the change of the molecular geometry is possibly caused by an interaction with electrolyte anions entering the layer.
The possible change of the molecular geometry allows us to explain the most significant spectral change, the appearance of new bands at 547, 567, 633, 883 and 1600 cm-~. It might be possible that the strong band at 1600 cm -1 originates from the shift of the 1513 cm -~ band, although such a shift is very large. It would be surprising that other bands do not shift so significantly. Moreover, the decrease of the 1513 cm-t band and the increase of the 1600 cm-1 band are dependent on the excitation line. It is more pronounced in the spectrum excited by 514.5 nm radiation than in the spectrum excited by the 660 nm radiation (compare Figs. 10(e) and ll(b)). For these reasons we assume that the 1600 cm-~ band is the new band appearing after the oxidation rather than the shifted 1513 cm-1 band.
The analysis of new bands appearing after oxidation of the ZnPc film gives information about the form of this distortion. Further it enables one to choose between two possible structures of the oxidized film, which have been proposed on the basis of electroreflection and calculation results perform such analysis one has Raman selection rules caused distortions.
( Fig. 13(a) and (b) ). To to consider changes of by possible molecular When the excitation line lies far from the absorption maximum, the Raman-active modes have the same symmetry as the elements of the polarizability tensor. Using the group table [25] we find that for the ZnPc molecule (Dab) they are Alg , Big , B2g and Eg vibrations in the normal Raman spectrum. In the resonance Raman effect two types of enhancement occur [26, 27] . The A-type enhancement operates for totally symmetric vibrations (Alg for D4h group). The B-type enhancement allows modes having symmetries that are contained in the direct product representation of the two electronic transitions that contribute to the resonance enhancement. In the case of phthalocyanines these are the Q and Soret bands. These transitions both have E~ symmetry if the molecular symmetry is D4h. The direct product (E, × E u) contains the Alg , Aeg, Big and B2g representations, and therefore modes with these symmetries are enhanced. Studies of resonance Raman spectra of phthalocyanines and porphyrins [28] [29] [30] show that the B-term scattering is very strong in spectra excited in the Q-band region. We assume that ZnPc spectra show similar characteristics and B-term scattering is effective in spectra excited in resonance with the Q absorption band.
The above consideration shows that if we pass from the resonance to the normal Raman spectrum we expect a decrease of Azg bands and growth of Eg bands relative to the bands of species Alg, Big and B2g.
From the experimental results it follows that the changes in the Raman spectrum caused by the oxidation of the ZnPc film are more significant. Therefore, we are obliged to consider also possible effects of the molecule deformation on the Raman spectrum. The out-of-plane deformation of the ZnPc molecule involves a change of the molecular point group from Dnh to Cat. or C2, and the in-plane deformation results in C s symmetry. By considering different symmetry elements of these point groups we can find how the ZnPc vibrations transform in lower symmetry groups. For example, B~g vibrations are not symmetric with respect to the main (fourfold) symmetry axis and they are symmetric with respect to the vertical plane and to the symmetry centre. When the molecular point group become Ca,., the B~g modes are still not symmetric with respect to the main axis, but they are symmetric with respect to the vertical symmetry plane, therefore they acquire the BI symbol. In the C2,, point group there is only a twofold symmetry axis and the Big vibrations are symmetric with respect to it; they also remain symmetric with respect to the vertical plane.
Consequently, the Big vibrations acquire the A~ symbol in the C2, group. Using a similar procedure we can find all symmetry symbols corresponding to the ZnPc vibrations under Ca,, C2,. and C s groups; further, we can examine which vibrations are Raman active in a similar way to that for the Dab group. The results are collected in Table 2 . To simplify further discussion we will use the symbols related to the Dab group in the whole discussion. , , E,, Out of resonance a n a a a n n n n n Resonance Raman spectrum a a a a n n n n n n C4,,
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The spectral characteristics of oxidized and reduced films are collected in Table 3 . The band assignment is based on the normal mode calculation performed recently [4, 16] . The normal mode assignment was based on the MNDO calculation results. The MNDO frequencies for the ZnPc molecule do not depart notably from those obtained by other normal mode treatments [31] [32] [33] [34] [35] [36] . The difference between observed and calculated frequencies for Raman-active modes lies in the range 0-50 cm-1. We have assumed that the error for the remaining bands is of a similar order.
The normal modes of phthalocyanine are delocalized over many internal coordinates, therefore only a brief description is given in Table 3 . Bands that were observed in the Raman spectra of other ZnPc samples [16] are similarly assigned. For bands which change after oxidation Of the ZnPc film all calculated frequencies are listed. The most characteristic feature of spectra of the oxidized ZnPc layer excited with both red and green radiation is the strong band appearing at 1600 cm-~. The normal mode calculation yields three frequencies in the range between 1550 and 1650 cm -j.
These frequencies correspond to B2g (v39) , A2g (/-'65) and E, (P96) vibrations (the numbers of vibrations are the same as reported previously [16] . Since the 1600 cm -j band does not appear in the spectra of the reduced film recorded with either green or red radiation, it is possibly forbidden in both normal and resonance Raman spectra under the Bah molecular point group and it becomes allowed when the symmetry lowers. From Table 2 it follows that E, vibrations fulfil this condition, when we assume that after oxidation the 226  226  215  215  254  248  248  248   283  272  283  283  480  480  547  550  567  590  590  590  590  633  640  640  679  679  679  679  746  746  746  746  839wd  829wd  883  945wd  945wd  945wd molecular point group is C s. Because the A2g vibrations are allowed only in the resonance spectrum (in the Dah group), they should appear in the spectrum of neutral ZnPc excited with red radiation (Fig. 10(a) and (f)). However, we cannot exclude the possibility that the 1600 cm-i band corresponds to the A2g vibration, since A2g vibrations have a strictly antisymmetric scattering tensor in the Dab group [37] and they acquire significant Raman intensity only when the excitation wavelength lies between the Q~0,0) and Q~0,1) transitions [27] . In C2, and Cs groups the A2g vibrations also have the symmetric part of the scattering tensor and they can be observed irrespective of the excitation radiation wavelength. There are therefore two possibilities for the assignment of the 1600 cm-1 band (/-'96 E u or /"65 A2g). The E u vibrations are allowed in the C~ group.
Assignments
Assumption of C s symmetry implies that all new bands (characteristic for the oxidized ZnPc) have E, symmetry (Table 2) , which roughly agrees with the list of frequencies given in Table 3 ; however, one can find also A2g and A~, vibrations near the new bands. The appearance of A2g and Alu would point rather to C2L
symmetry.
Another expected consequence of the Cs group is the vanishing of Eg modes in the spectrum in Fig. ll(b) (see Table 2 ). These modes are observed in the spectrum of the neutral ZnPc at 839, 1008 and 1035 cm -l ( Fig. ll(a) ). Only the last one vanishes completely after oxidation of the film. The band at 1008 cm-x even increases its intensity. However, in the C2~, group the Eg vibrations should also vanish in the resonance spectrum, and the increase of intensity of the 1008 cm-1 band can be explained when we assign the 1008 cm-~ band to the Ul09 (Alu)vibration. Therefore, the C2,~ group after oxidation is more likely than C s. The C2L group matches the out-of-plane deformed structure of the ZnPc molecule. Such a structure corresponds with the dimers of the ZnPc-C10 4 units, which were proposed in the discussion of the electroreflection results ( Fig. 13(b) ). In these units perchlorate anions are axially attached to the ZnPc macrocyclic dimer. In this situation the observed out-of-plane deformation of the ZnPc subunit agrees with the calculated results.
Conclusions
The anodic oxidation of ZnPc film is accompanied by inclusion of electrolyte anions. Large ions (such as benzenesulphonate) or with large hydration spheres (such as SO4 z-) do not enter the layer. This observation agrees with results of Green and Faulkner [14] and Kahl et al. [17] .
The anions occupy axial coordination sites of Pc molecules. This axial coordination causes a significant out-of-plane deformation of the ZnPc molecule. The deformation affects both ER and Raman spectra.
Because binding of the axial ligand follows the electrochemical oxidation of ZnPc, two processes contribute to the ER signal and as a result an unusual phase behaviour of ER spectra is observed.
The oxidation of the ZnPc film influences the Raman spectrum by a change of the resonance condition, which among other effects alters the relative band intensities. Bonding of anions to the axial site lowers the ZnPc molecular symmetry. The change of the molecular symmetry in turn affects the selection rules. In consequence, new bands appear in the spectrum. The detailed analysis of Raman bands reveals that the ZnPc molecule acquires Cz, symmetry (out-of-plane deformation and loss of the fourfold symmetry axis) in the oxidized film saturated with anions.
According to the MNDO calculation results, outof-plane distortion is possible when only one axial site is occupied. Consequently, the final structure of the oxidized ZnPc film contains five-coordinated ZnPc- CIO 4 units. As the ZnPc to CIO4 ratio is unity, these units must form dimers as shown in Fig. 13(b) .
